Rare earth elements (REEs) have been widely used as the micro-fertilizer for improving the growth and quality of crops in China. 1 It has been verified that a suitable amount of REEs can improve the photosynthesis of plants, 2 though the mechanism has not yet been sufficiently clarified. Yang and co-workers have proposed that light rare earth elements (LREEs), such as Sm 3+ and Dy 3+ , might replace the Mg 2+ in chlorophyll by a comparison of the UV-VIS and fluorescence spectra of chlorophyll-Mg and chlorophyll-LREEs. 3 Li and co-workers synthesized a complex of lanthanum and chlorophyll-a in a methanol-acetic acid medium, and pointed out that the porphyrin ring of chlorophyll-a is coordinated to lanthanum through studies of the UV-VIS and MCD spectra. 4, 5 Ozaki and co-workers found that lanthanum enhanced the growth of Dryopteris erythrosora, and that lanthanum was accumulated mainly in the chloroplasts of the mesophyll cells of Dryopteris erythrosora. 6 Zhao's research group used EXAFS to investigate the existing form of LREEs in the chlorophyll-a of a kind of fern leaves, which grow in the area of REEs diggings, and found that LREEs, such as lanthanum, entered into chlorophylla. 7 More recently, Zhao et al. synthesized a Pr(III) complex of chlorophyll-a; a double-decker sandwich-structure complex was proposed for the complex. 8 However, it has not been reported so far that ESI-MS was employed to determine the existing species of REEs in plants.
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In this study, spinach was cultivated with culture solutions containing La(NO3)3; the chlorophyll-a in the spinach leaves was separated and purified from other photosynthetic pigments on a sucrose column for UV-VIS and ESI-MS studies in vivo. Through studies of the UV-VIS and ESI-MS, [Chlorophylla·La·pheophytin-a] was proposed to be the existing species of lanthanum in the spinach leaves after being cultivated with a culture solution containing lanthanum.
Experimental

Reagents and chemicals
Lanthanum oxide (La2O3, purity >99.9999%) was obtained from Changchun Institute of Applied Chemistry of the Chinese Academy of Sciences. A lanthanum stock solution (2.0 mg cm -3 ) was prepared by dissolving an appropriate amount of La2O3, which had been ignited at 850˚C for 4 h, in 2 mol dm -3 HNO3, and then diluted with doubly deionized Milli-Q water to 500 mL in a polyethylene bottle. Sucrose was purchased from Shanghai Chemical Reagent Corporation, A.R. Before use, it was sieved under 160 mesh and activated at 70˚C for 4 h. All organic solvents used were at least of analytical grade, dried free of water and re-distillated before use.
Apparatus
A Beckman-DU7400 spectrophotometer was used to determine the UV-VIS spectrum. A HP 4500 ICP-MS system fitted with a babington nebulizer kit was used for the detection of lanthanum. A Finnigan LCQ MS spectrometer with the ESI source was employed for mass spectrum determination. The determination conditions were as follows: sheath gas flow rate, 0.65 L min -1 ; auxiliary gas flow rate, 0.06 L min -1 ; ion spray voltage, 3.5 kV; capillary temperature, 200˚C; capillary voltage, 27 V; tube lens offset, 55 V. Sample was injected by a Finnigan syringe pump connected to the ESI source by a 100-µm i.d. fused-silica capillary, flow rate was 3 µL min -1 .
Spinach cultivation
Spinach seedlings were collected from Zeng cuo'an, Xiamen, Fujian Province, China. After washing with water, 50 pieces of spinach seedlings under a similar growth condition were chosen and divided into 5 subgroups for further cultivation. The spinach seedlings were floated by plastic foam in cultivation vessels containing a 1-L culture solution with 11 µg cm -3 or no La(NO3)3 in addition to other necessary nutriments. The spinach seedlings were irradiated for 12 h per day with daylight lamps at room temperature, and the culture solutions were puffed with air 15 min per day. The culture solutions were refreshed once a week.
Separation and purification of chlorophyll-a
After 26 days of cultivation, an appropriate amount of spinach leaves was put into a glass mortar; an appropriate amount of liquid nitrogen and MgCO3 were then added. After the leaves had been ground into mash, an appropriate amount of acetone or petroleum ether (b.p. 60 -90˚C) was poured into the mortar for extracting the photo pigments. 9 The extracts were separated from the residue by a high-speed centrifuge. Chlorophyll-a was then separated and purified on a sucrose column (20 mm i.d. × 300 mm length, sucrose under 160 mesh), which was covered with a black plastic film to avoid any light degradation of the species; the separation procedures are shown in Fig. 1 .
Results and Discussion
The contents of chlorophyll-a and -b in the cultivated spinach leaves were determined by using a derivative spectrophotometric method described in the literature. 10 The contents of chlorophyll-a and -b in the spinach leaves cultivated by a culture solution containing La(NO3)3 of 11 µg cm -3 were 305 ± 19 and 209 ± 23 µg g -1 , respectively, much higher than 140 ± 13 and 103 ± 13 µg g -1 in spinach leaves cultivated by a culture solution containing no La(NO3)3.
A remarkable beneficial effect of La(NO3)3 of 11 µg cm -3 in the culture solution on the growth of spinach was observed. Moreover, the content of lanthanum in the chlorophyll-a from the spinach leaves cultivated by a culture solution containing 11 µg cm -3 La(NO3)3 was found to be 32.3 ± 4.0 µg g -1 by an ICP-MS determination.
The chlorophyll-a in spinach leaves cultivated with a culture solution containing La(NO3)3 or no La(NO3)3 was separated and purified from other pigments on a sucrose column, and then subjected to UV-VIS spectroscopy. The results are listed in Table 1 . It can be seen that the Qy(0→0) absorption peak at 664 nm of chlorophyll-a in the spinach leaves, which was cultivated with the culture solution containing no La(NO3)3, moves to 669 nm for that of cultivated with 11 µg cm -3 La(NO3)3; in the same time, the typical soret absorption peak of chlorophyll-a at 429 nm broadens to short wavelength, and two small shoulder peaks occur at 371 and 408 nm, though the maximum absorption wavelength is still at 429 nm. Compared with the results from UV-VIS studies for the synthesized Lapheophytin-a (364 and 416 nm) 5 and Pr-pheophytin-a (360 and 395 nm) 8 complexes, this phenomenon suggested that lanthanum might partly replace magnesium and exist in the chlorophyll-a together with a macro amount of magnesium. The difference in the wavelengths of the peaks in the soret band between the reported results and ours might partly be ascribed to the different solvents used (petroleum ether-benzene, acetone-methanol and acetone 11 ). The replacements of magnesium in chlorophyll by many transition metals have been reported by several researchers. [12] [13] [14] [15] Buchler et al. reported that lanthanoid could form doubledecker and triple-decker complexes with porphyrin. [16] [17] [18] In the structure of chlorophyll-a, there are an acetylacetonato group and a phytyl besides the porphyrin ring; possible coordination to lanthanum is from the oxygen atoms in acetylacetonato group to form an outer-sphere complex, or nitrogen atoms in the porphyrin ring, resulting in a replacement of magnesium.
However, Li et al. pointed out that lanthanum was coordinated by the nitrogen atoms in the porphyrin ring to form a monolayer complex. 5 Moreover, Zhao et al. used an EXAFS to study the structure of the Pr-pheophytin complex, and indicated that praseodymium not only entered the porphyrin ring, but also formed a double-decker sandwich complex with pheophytin; the average Pr-N bond length is 0.242 nm. 8 In order to determine the existing species of lanthanum in spinach leaves cultivated with a culture solution containing La(NO3)3 in vivo, the chlorophyll-a was determined by ESI-MS compared with that from spinach leaves cultivated with no La(NO3)3. The negativeion mode mass spectra are shown in Fig. 2 . The fragments in Fig. 2(a) at m/z 259.8, 288.5, 1148.1 and 1176.2 are also shown in Fig. 2(b) at m/z 258.9, 288.5, 1149.5 and 1177.1. They might be assigned to the fragments given in Table 2 . Such results indicated that magnesium not only existed in the chlorophyll-a cultivated with no La(NO3)3, but was also in the chlorophyll-a cultivated with La(NO3)3. The peak at m/z 939.0 occurring in Fig. 2(b) was assigned to the fragment of [pheophytin·La·pheophytin] 2-.
Lanthanum ion replaced magnesium ion in the porphyrin ring of one chlorophyll-a molecule, and nitrogen atoms from the porphyrin ring in one molecule of pheophytin coordinated to the lanthanum ion; at the same time, two oxygen atoms from the enol form of the acetylacetonato group in another chlorophyll-a molecule coordinated to lanthanum, resulting in the species [chlorophylla·La·pheophytin] .
During the ionization of [chlorophylla·La·pheophytin], Mg 2+ was lost, and gave a fragment of , m/z 939.0 Table 2 Fragments occurring in the mass spectra lanthanum as well as the synthesized REE-pheophytin complex are being conducted in order to offer more reliable information for studying the biological effect of rare-earth elements. ESI-MS should be applicable to analyze species of trace elements in biological samples in vivo.
